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Cells require growth factors to support glucose metabolism for survival and growth. It is unclear, however, how
noninsulin growth factors may regulate glucose uptake and glucose transporters. We show that the hematopoietic growth
factor interleukin (IL)3, maintained the glucose transporter Glut1 on the cell surface and promoted Rab11a-dependent
recycling of intracellular Glut1. IL3 required phosphatidylinositol-3 kinase activity to regulate Glut1 trafficking, and
activated Akt was sufficient to maintain glucose uptake and surface Glut1 in the absence of IL3. To determine how Akt
may regulate Glut1, we analyzed the role of Akt activation of mammalian target of rapamycin (mTOR)/regulatory
associated protein of mTOR (RAPTOR) and inhibition of glycogen synthase kinase (GSK)3. Although Akt did not require
mTOR/RAPTOR to maintain surface Glut1 levels, inhibition of mTOR/RAPTOR by rapamycin greatly diminished
glucose uptake, suggesting Akt-stimulated mTOR/RAPTOR may promote Glut1 transporter activity. In contrast, inhibi-
tion of GSK3 did not affect Glut1 internalization but nevertheless maintained surface Glut1 levels in IL3-deprived cells,
possibly via enhanced recycling of internalized Glut1. In addition, Akt attenuated Glut1 internalization through a
GSK3-independent mechanism. These data demonstrate that intracellular trafficking of Glut1 is a regulated component
of growth factor-stimulated glucose uptake and that Akt can promote Glut1 activity and recycling as well as prevent Glut1
internalization.

INTRODUCTION

Growth factors play critical roles to promote cell metabo-
lism, sustain viability, and allow cell growth. When cells are
deprived access to appropriate growth factors, a default
pathway of cellular atrophy is activated in which glucose
uptake and metabolism become sharply reduced, ultimately
leading to cell death (Kan et al., 1994; Deshmukh et al., 1996;
Rathmell et al., 2000, 2003; Edinger and Thompson, 2002;
Ciofani and Zuniga-Pflucker, 2005). A variety of oncogenes,
including Akt (Thompson and Thompson, 2004), BCR-Abl
(Barnes et al., 2005), and c-Myc (Dang, 1999) also promote
glucose metabolism. If glucose metabolism is not sustained
by growth factors or oncogenes, developmental defects oc-
cur as rates of apoptosis increase (Moley and Mueckler,
2000; Heilig et al., 2003), immune responses fail as lympho-
cytes undergo apoptosis or produce inappropriate cytokines
(Rathmell et al., 2000; Krauss et al., 2001; Cham and Gajewski,
2005), and cancer cells show enhanced apoptosis (Gottlob et al.,
2001; Plas et al., 2001; Kansara and Berridge, 2004). The first and

potentially critical regulatory step in glucose metabolism is
glucose uptake. The mechanisms by which growth factors or
oncogenes regulate glucose uptake, however, remain largely
unresolved.

In hematopoietic cells, growth factors such as the cyto-
kines interleukin (IL)3 or IL7 can provide critical signals to
promote glucose uptake (Kan et al., 1994; Rathmell et al.,
2001; Bentley et al., 2003). Glucose uptake is controlled via a
family of facilitative glucose transporters that has been best
characterized by the insulin-mediated regulation of Glut4
trafficking in muscle and adipose tissues (Watson et al.,
2004). Hematopoietic cells instead rely on the ubiquitous
glucose transporter Glut1 as a primary source for intracel-
lular glucose (Rathmell et al., 2000). Glut1 synthesis is cyto-
kine-dependent, with loss of Glut1 mRNA and surface pro-
tein levels when cells are cytokine-deprived (Rathmell et al.,
2000; Vander Heiden et al., 2001; Bentley et al., 2003). Glut1
trafficking can also be regulated, because insulin signaling
has been shown to promote Glut1 translocation to the cell
surface (Piper et al., 1991). Although growth factor-stimu-
lated synthesis of Glut1 has been shown to affect surface
Glut1 levels in hematopoietic cells (Plas et al., 2002; Rathmell
et al., 2003), a role for noninsulin growth factors in regulation
of Glut1 activity and trafficking has not yet been directly
determined.

Several mechanisms may promote cytokine-mediated reg-
ulation of Glut1 trafficking. First, phosphatidylinositol 3-ki-
nase (PI3K) and its downstream effector kinase Akt/PKB
have a well-established role in Glut4 vesicle trafficking to the
cell membrane in response to insulin (Welsh et al., 2005).
Likewise, the cytokines IL3 and IL7 can activate Akt in
hematopoietic cells (Plas et al., 2002), and we have shown by
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immunofluorescence and biochemical fractionation that an
activated and oncogenic form of Akt can promote accumu-
lation of Glut1 on the surface of lymphoid cells even in the
absence of cytokine (Plas et al., 2001; Rathmell et al., 2003).
The mechanism of this regulation is unknown, but Akt may
increase Glut1 protein synthesis (Barthel et al., 1999; Plas et
al., 2001). Alternatively, Akt activation of mammalian target
of rapamycin (mTOR)/regulatory associated protein of
mTOR (RAPTOR) (mTOR/RAPTOR) has been shown to
regulate trafficking of the transferrin receptor (TfR), low-
density lipoprotein (LDL) receptor, and the amino acid
transporter 4F2 (Edinger and Thompson, 2002). The Akt
substrate glycogen synthase kinase (GSK3) may also regu-
late Glut1 trafficking, because it has been recently shown to
control integrin recycling (Roberts et al., 2004).

To better understand how growth factor or oncogenic
stimulation may promote glucose uptake, we have directly
analyzed cytokine-mediated regulation of Glut1 in lym-
phoid/myeloid hematopoietic precursor cells. Here, we
show that the hematopoietic growth factor IL3 promotes
glucose uptake in part by promoting localization and reten-
tion of Glut1 on the cell surface. IL3 receptor engagement
attenuated Glut1 internalization, and this activity required
Rab11a to promote maximal surface levels, suggesting IL3
regulation of Glut1 endocytosis and recycling. IL3-induced
activation of PI3K, and Akt was found to be necessary and
sufficient to regulate Glut1 activity and trafficking. These
data directly demonstrate that Glut1 activity, recycling, and
internalization are regulated aspects of growth factor-stim-
ulated glucose uptake in hematopoietic cells and implicate
Akt as an important mediator of each of these processes.

MATERIALS AND METHODS

Plasmids
Exofacial-tagged rGlut1 was constructed by inserting a tandem repeat of a
FLAG epitope tag (5�-GACTACAAAGACGATGACGACAAG-3�) into the
first extracellular loop (between 55 and 56 amino acids) of rat Glut1 by
pEF6/V5-His TOPO cloning (Invitrogen, Carlsbad, CA). An N-terminal green
fluorescent protein (GFP)-tagged rGlut1 construct was made by GFP fusion
with pCDNA3.1 NT-GFP TOPO cloning (Invitrogen). hBcl-xL was subcloned
into pEF6/V5-His vector. The myristoylated Akt1 (myrAkt) plasmid was
constructed by amplifying Akt1 from mouse cDNA and inserting the myris-
toylated sequence (5�-ATGGGGAGCAGCAAGAGCAAGCCCAAG-3�) to the
5� end and cloning into pEF6/V5-His vector. The phospho-mimetic Akt1
mutant (AktDD) was made with S473D and T308D mutations in the pEF6/
V5-His Akt1 vector. pEGFP-C2-Rab11aS25N and pEGFP-C2-Rme1G429 con-
structs were generously provided by Dr. Michael Ehlers (Duke University,
Durham, NC). pCMV-FLAG GSK3� S9A was generously provided by Dr.
Xiao-Fan Wang (Duke University).

Cells
The early hematopoietic myeloid/lymphoid cell line FL5.12 was cultured as
described previously (Vander Heiden et al., 1997) with addition of recombi-
nant murine IL3 (500 pg/ml; Peprotech, Rocky Hill, NJ). Inhibitors included
the following: for protein synthesis, 10 �g/ml cycloheximide (CHX) (Sigma-
Aldrich, St. Louis, MO); for PI3K, 10 �M LY294002 (Calbiochem, San Diego,
CA); for mTOR/RAPTOR, 25 nM rapamycin (Calbiochem); and for GSK3, 10
�M SB216763, 20 �M SB415286, or 10 �M AR-A0144-18 (Sigma-Aldrich). Cells
with inducible myrAkt have been described previously (Plas et al., 2001) or were
generated by transient transfection of FL5.12 cells with myrAkt1 in pEF6.

2-Deoxy-D-glucose (2-DOG) Transport Assay
Glucose uptake was measured as described previously with small modifica-
tions (Bentley et al., 2003; Rathmell et al., 2003). Cells were washed and
resuspensed in Krebs-Ringer-HEPES (KRH) (at pH 7.4, 136 mM NaCl, 4.7 mM
KCl, 1.25 mM CaCl2, 1.25 mM MgSO4, and 10 mM HEPES). 2-Deoxy-d-
[H3]glucose (2 �Ci/reaction) was added for a period of either 1 or 5 min at
37°C. Reactions were quenched by addition of ice-cold 200 �M phloretin
(Calbiochem) and centrifugation through an oil layer (1:1 Dow Corning 550
Silicon fluid [Motion Industries, Birmingham, AL] and dinonyl phthalate
[Sigma-Aldrich]). The cell pellet was washed and solubilized in 1 M NaOH,
and radioactivity was measured with scintillation counter.

Surface Glut1 Measurement and Flow Cytometry
Cells were analyzed by a FACscan (BD Biosciences, San Jose, CA) and FlowJo
software (Tree Star, Inc., Ashland, OR). To determine FLAG surface expres-
sion, cells were washed once in phosphate-buffered saline (PBS)/2% fetal
bovine serum (FBS). Cells were blocked with anti-Fc�III/II (BD Biosciences
PharMingen, San Diego, CA) and incubated with 5% rat serum and rabbit
anti-FLAG (Sigma-Aldrich) followed by R-Phycoerythrin donkey anti-rabbit
(Jackson ImmunoResearch, West Grove, PA) for analysis. Surface FLAG-
Glut1 levels were normalized to total FLAG expression by division of the
mean fluorescence of surface FLAG by the average pixel density from respec-
tive immunoblot. To determine TfR (CD71) surface expression, cells were
incubated with anti-mouse CD71-PE (BD Biosciences PharMingen). For
pulse-chase assays, cells were blocked with anti-Fc�III/II (BD Biosciences
PharMingen) for 5 min followed by a pulse with anti-FLAG antibody (Sigma-
Aldrich) at room temperature for 10 min, washed, and cultured for various
periods at 37°C before addition of secondary stain on ice. Mean fluorescence
of cell surface Glut1 levels were normalized to the starting value.

Fluorescence Microscopy
Cells were transfected with GFP-Glut1 and fixed with 1% paraformaldehyde in
PBS and viewed with a Zeiss LSM410 confocal microscope (Carl Zeiss, Thorn-
wood, NY) and MetaMorph software (Molecular Devices, Sunnyvale, CA).

Immunoblotting
Cells were lysed for Western blotting for 1 h on ice in 1% Triton and 0.1% SDS
in PBS with protease inhibitors (BD Biosciences PharMingen) and precleared
by centrifugation. Equivalent protein concentrations were loaded on a 4–15%
SDS-polyacrylamide gel electrophoresis gel (Bio-Rad, Hercules, CA). Primary
antibodies used were anti-FLAG M2 peroxidase (Sigma-Aldrich), rabbit anti-
Glut1 (Abcam, Cambridge, MA), mouse anti-Akt1 (Cell Signaling Technol-
ogy, Beverly, MA), rabbit anti-phospho Akt ser473 (Cell Signaling Technol-
ogy), rabbit anti-phospho-mTOR ser2448 (Cell Signaling Technology), rabbit
anti-phospho GSK3 �/� (Cell Signaling Technology), rabbit anti-Bcl-2 (BD
Biosciences PharMingen), and mouse anti-actin (Sigma-Aldrich). Secondary
antibodies used were anti-rabbit horseradish peroxidase (HRP) (Cell Signal-
ing Technology), anti-mouse HRP (BD Biosciences PharMingen), Alexa Fluor
680 anti-rabbit IgG (Invitrogen), and IR Dye 800 anti-mouse IgG (LI-COR
Biosciences, Lincoln, NE). Secondary antibodies consisting of HRP were
viewed by ECL-Plus (GE Healthcare, Little Chalfont,, Buckinghamshire,
United Kingdom), and secondary antibodies conjugated with fluorophores
were scanned with LI-COR Odyessy (LI-COR Biosciences).

RESULTS

IL3 Promotes Glucose Uptake and Trafficking of Glut1 to
the Cell Surface
The cytokine IL3 regulates both total cellular expression and
cell surface levels of Glut1 in the lymphoid cell line FL5.12
(Rathmell et al., 2003). It was unclear, however, whether cell
surface Glut1 levels were regulated strictly via protein syn-
thesis and total Glut1 levels or whether IL3 could also reg-
ulate the intracellular trafficking of Glut1. To address this
question, we analyzed the ability of IL3 to regulate glucose
uptake and Glut1 trafficking. Uptake of the radiolabeled
glucose analogue 2-DOG was measured in the presence of
IL3, after a 4-h withdrawal from IL3 and after 1 h with IL3
returned (Figure 1A). On withdrawal from IL3, glucose up-
take decreased and readdition of IL3 after 4 h rapidly re-
stored glucose uptake. Rescue of glucose uptake by readdi-
tion of IL3 did not seem to be due to the synthesis of new
glucose transporters or associated proteins. Addition of the
protein synthesis inhibitor CHX 1 h before readdition of IL3
failed to affect the restoration of glucose uptake by IL3.
Endogenous Glut1 levels remain unchanged during the
withdrawal and readdition of IL3, further lending support
for glucose uptake regulation independent of changes in
total levels of Glut1 (Figure 1B).

Protein synthesis-independent IL3 regulation of glucose
uptake may occur via increased transport activity of surface
transporters (Levine et al., 1998) or trafficking of intracellular
Glut1 proteins to the cell surface. To distinguish between
transport activity and Glut1 intracellular trafficking, we con-
structed an exofacially tandem FLAG epitope-tagged Glut1
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for direct analysis of cell surface Glut1 protein levels inde-
pendently of transporter activity. This tagged Glut1 protein
was functional (data not shown) and could be readily de-
tected and quantified on the surface of live cells by flow
cytometry. Cells expressing exofacial FLAG-tagged Glut1
were cultured in IL3 or withdrawn for 4 h followed by
readdition of IL3 (Figure 1C). Similar to regulation of glu-
cose uptake, IL3 was capable of regulating Glut1 cell surface
levels independently of new protein synthesis. Total levels
of stably expressed FLAG-Glut1 remained unchanged when
cells were withdrawn from IL3 followed by readdition of the
cytokine (Figure 1D), suggesting that changes in Glut1 surface
levels were not due to loss of Glut1 expression. Normalizing
surface FLAG-Glut1 levels to total cellular FLAG-Glut1 expres-
sion demonstrated a true drop in the proportion of surface
FLAG-Glut1 after a 6-h growth factor-withdrawal (Figure 1E).
These data indicate that in addition to regulating Glut1 syn-
thesis (Vander Heiden et al., 2001; Rathmell et al., 2003), cyto-
kines, such as IL3, can promote Glut1 trafficking to the cell
surface in lymphoid cells.

Glut1 Internalization and Recycling Are Growth
Factor Regulated
In addition to synthesis of new Glut1 protein, IL3 may
regulate Glut1 surface levels through effects on Glut1 inter-
nalization or recycling of internalized Glut1 back to the cell

surface. To begin to dissect how IL3 may regulate Glut1
surface levels, we performed a pulse-chase assay to directly
measure the internalization of labeled Glut1 proteins by
flow cytometry. Cells stably expressing FLAG-Glut1 were
cultured in the presence or absence of IL3, stained with
anti-FLAG antibody, and washed free of unbound antibody.
Remaining surface Glut1 staining was then measured by
addition of secondary antibody after various times in cul-
ture. Cell surface FLAG-Glut1 staining at each time point
was normalized to the level of staining at the starting time
point to determine the percentage of labeled Glut1 protein
that was retained on the cell surface over time (Figure 2A).
Surface Glut1 decreased more rapidly in cytokine-deprived
cells, suggesting that IL3 regulated Glut1 internalization in
addition to possible effects on Glut1 efflux to the cell surface.

Rab GTPases are key regulators of intracellular vesicle
trafficking (Maxfield and McGraw, 2004), and Rab11a has
been specifically implicated in endosomal recycling (Ullrich
et al., 1996). To determine whether recycling of Glut1 was
also growth factor regulated, dominant-negative Rab11a
(dnRab11a; Rab11a S25N) was expressed, and total cellular
FLAG-Glut1 levels were measured by immunoblot (Figure
2B). Blockade of Rab11a function did not result in FLAG-
Glut1 degradation; rather, FLAG-Glut1 levels were mod-
estly increased. Despite this increase in Glut1 protein levels,
dominant-negative Rab11a lead to decreased surface FLAG-

Figure 1. IL3 regulates intracellular traffick-
ing of Glut1 to the cell surface independent of
new protein synthesis. (A) Glucose uptake was
measured in FL5.12 cells in IL3 or cultured in
IL3-free media for 4 h followed by 1 h with IL3
restored. CHX at 10 �g/ml was added to some
samples at 3 h. (B) Total endogenous Glut1
expression was measured by immunoblot with
actin as a loading control (R, IL3 restored). (C)
FL5.12 cells expressing exofacially FLAG-
tagged Glut1 were cultured as described in A.
Mean cell surface fluorescence for FLAG-Glut1
was determined at indicated times. (D) Total
FLAG-Glut1 levels were analyzed by immuno-
blot with actin as a loading control (R, IL3
restored). (E) Cell surface FLAG-Glut1 was
normalized to total FLAG expression. Standard
deviations of triplicate samples are shown. To-
tal levels of Glut1 and FLAG were normalized
to actin and are shown below the respective im-
munoblots. Representative results are shown for
three or more repeated experiments.
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Glut1 both in the presence and absence of IL3 (Figure 2C),
suggesting that Glut1 was accumulating intracellularly.
Consistent with this finding, expression of a dominant-neg-
ative Rme1 (Rme1G429R), also implicated in endosomal re-
cycling (Lin et al., 2001), decreased surface Glut1 levels sim-
ilar to those observed after expression of dnRab11a (data not
shown). Recycling of internalized Glut1 seems, therefore, to
play a key role for IL3 to maintain maximal surface Glut1
levels. Together, these results indicate that the presence of
IL3 both attenuates Glut1 internalization and promotes traf-
ficking of internalized Glut1 back to the cell surface in a
Rab11a-dependent manner.

Cytokine-mediated Activation of the PI3K Pathway Is
Necessary to Maintain Maximal Cell
Surface Levels of Glut1
IL3 may regulate Glut1 trafficking through a number of
signaling pathways (Fox et al., 2003; Rathmell et al., 2003).
Among these, activation of the PI3K pathway and its down-
stream effector kinase Akt have been shown to promote cell
surface trafficking of Glut4 (Welsh et al., 2005) and to increase
expression and cell surface levels of Glut1 (Piper et al., 1991) in
response to insulin stimulation. We found that endogenous
PI3K pathway activity was necessary for growth factor to stim-
ulate maximal cell surface Glut1, because treatment of FLAG-
Glut1–expressing cells with the PI3K inhibitor LY294002 re-
duced surface Glut1 levels in the presence of IL3 (Figure 3A).
No difference in surface FLAG-Glut1 levels was observed
when LY294002 was added at the time of IL3-withdrawal, an
occasion when endogenous PI3K was inactive. Importantly,
LY294002 had no effect on total levels of FLAG-Glut1 protein at
these time points, suggesting that LY294002 was not altering
surface Glut1 levels via changes in Glut1 synthesis or degra-
dation (Figure 3B). Rather, inhibition of PI3K seemed to lead to
a failure of IL3 to promote Glut1 protein localization to the cell
surface.

PI3K and Akt are important regulators of protein synthesis
(Kandel and Hay, 1999) that may affect glucose uptake through
regulation of Glut1 protein levels and/or trafficking. To further
characterize protein synthesis-independent regulation of
FLAG-Glut1 surface levels via PI3K, we analyzed the rescue of
surface FLAG-Glut1 levels in growth factor-withdrawn cells
after readdition of IL3 either in the presence or absence of
LY294002 and CHX. Inhibition of PI3K decreased the amount
of FLAG-Glut1 that was returned to the surface compared with
the vehicle control 1 h after readdition of IL3 (Figure 3C). This
effect was not due to the inhibition of new Glut1 protein
synthesis, because treatment of cells with CHX had no effect on
either the rescue of surface Glut1 by IL3 or the ability of
LY294002 to prevent this rescue (Figure 3C). Together, these
data directly demonstrate that the PI3K pathway is critical in
IL3-stimulated trafficking of Glut1 to the cell surface indepen-
dent of new protein synthesis.

Activated Akt Promotes Glucose Uptake and Maintains
Surface Glut1 upon Growth Factor Withdrawal
Akt is a major mediator of many PI3K-induced signals that
can promote both glucose metabolism and Glut1 expression
(Barthel et al., 1999; Plas et al., 2001). We next sought to
characterize IL3 activation of Akt and to determine whether
Akt could also regulate glucose uptake in hematopoietic
cells. Stimulation of growth factor-deprived FL5.12 cells
with IL3 induced a robust initial phosphorylation of endog-
enous Akt followed by a lower chronic level of phospho-Akt
that became apparent between 30 and 60 min after IL3
addition (Figure 4A). Transient transfection of FL5.12 cells
with a myristoylated and constitutively active oncogenic
form of Akt (myrAkt) mimicked initial high levels of IL3-
induced Akt phosphorylation both in the presence and ab-
sence of IL3 (Figure 4B). Phospho-Akt levels were indicative
of Akt activity, because mTOR phosphorylation was enhanced

Figure 2. Growth factor attenuates Glut1 internal-
ization and promotes Rab11a-dependent recycling
of intracellular Glut1. (A) FLAG-Glut1 cells were
cultured in IL3 or withdrawn from IL3 for 6 h. Cells
were stained with anti-FLAG antibody, washed, and
cultured at 37°C for indicated times before staining
with fluorescent secondary antibody. (B and C)
FLAG-Glut1 cells were transiently transfected with
control or dominant-negative Rab11a (Rab11aS25N/
dnRab11a) vector and cultured in IL3 or in the ab-
sence of IL3 for 6 h. (B) Total FLAG-Glut1 expression
levels were measured by immunoblot with actin as a
loading control. Total levels of FLAG were normal-
ized to actin and are shown below the immunoblot.
(C) Surface FLAG-Glut1 levels were measured by
flow cytometry and normalized to total FLAG ex-
pression. Mean and SD of triplicate samples are
shown. Asterisk (*) indicates p � 0.005 within the
experiment.
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in the presence of IL3 and expression of myrAkt was able to
maintain this phosphorylation even in the absence of IL3.

Activated Akt maintained glucose uptake of IL3-withdrawn
cells (Figure 4C) and may have done so by regulation of Glut1
trafficking. To determine whether activated Akt was sufficient
to regulate Glut1 trafficking in the absence of other cytokine-
initiated signal transduction activity, we observed Glut1 local-
ization in control cells or cells expressing myrAkt. Glut1 with
an N-terminal GFP tag was expressed in control and myrAkt-
expressing cells, and GFP-Glut1 localization was observed by
fluorescence microscopy in the presence of IL3 or 8 h after IL3
withdrawal (Figure 4D). In control cells, GFP-Glut1 seemed to
be on the cell surface in the presence of IL3, but it was pre-
dominantly intracellular upon IL3 withdrawal. The myrAkt-
expressing cells, however, seemed to maintain high levels of
surface GFP-Glut1 in both the presence and absence of IL3. To
directly measure how Akt may impact levels of cell surface
Glut1, cells stably expressing FLAG-Glut1 were transfected
with constitutively active myristoylated (myrAkt) or phospho-
mimetic (S473D/T308D; AktDD) forms of Akt1. These forms of
Akt have been shown previously to regulate Glut4 trafficking
(Cong et al., 1997; Foran et al., 1999). Expression of Akt1 and
FLAG-Glut1 were shown by immunoblot (Figure 4E), and flow
cytometric analyses showed that both active Akt proteins
could increase total surface Glut1 levels in the presence and
absence of IL3 (Figure 4F). Consistent with the more potent
ability of myrAkt to prevent cell death of IL3 withdrawn cells
(data not shown), myrAkt better maintained surface Glut1
when cells were deprived of IL3. Together, these data indicate
that in addition to Glut1 synthesis (Barthel et al., 1999; Plas et al.,
2002), Akt is able to promote glucose uptake and Glut1 surface
localization even in the absence of IL3.

Akt Activation of mTOR/RAPTOR Does Not Affect Glut1
Trafficking but Does Regulate Glut1 Transporter Activity
To determine the mechanism of Akt-mediated regulation of
glucose uptake and Glut1, we next analyzed the role of

specific Akt substrates on Glut1. Akt has previously been
shown to affect the localization of several nutrient transport-
ers in hematopoietic cells, including the TfR. Regulation of
surface TfR levels by Akt was rapamycin sensitive and
dependent on the mTOR/RAPTOR complex (Edinger and
Thompson, 2002). We sought, therefore, to determine whe-
ther the Akt pathway for regulation of Glut1 localization in
hematopoietic cells was regulated by mTOR/RAPTOR. Pre-
viously, myrAkt regulation of TfR had been most clearly
demonstrated after 1-d IL3 withdrawal (Edinger and
Thompson, 2002). To prevent cell death and allow analysis
of surface FLAG-Glut1 at this time point for best comparison
with regulation of TfR, the antiapoptotic protein Bcl-xL was
expressed in control cells. The myrAkt itself was antiapop-
totic and prevented cell death similar to Bcl-xL (data not
shown). Bcl-xL expression had no effect on TfR or Glut1
trafficking in cytokine withdrawal (Rathmell et al., 2000;
Edinger and Thompson, 2002). Surface levels of both TfR
and Glut1 were reduced significantly in IL3-withdrawn Bcl-
xL-expressing cells compared with cells that expressed
myrAkt, which maintained high levels of both TfR and
Glut1 in IL3 withdrawal (Figure 5, A and B). Levels of
surface TfR and Glut1 in myrAkt expressing cells were
comparable with levels observed in the presence of IL3 (data
not shown). As reported, treatment of myrAkt cells with
rapamycin led to a substantial decrease in surface TfR levels
(Figure 5A) (Edinger and Thompson, 2002). Surface and
total levels of FLAG-Glut1, however, were unaffected by
rapamycin (Figure 5, B and C). These data show that Akt-
mediated regulation of both surface and total Glut1 levels is
mTOR/RAPTOR independent and is mediated by a path-
way distinct from that of TfR.

Glucose uptake is controlled by both surface levels of
glucose transporters and the activity of those transporters.
Due to the central role of mTOR in regulation of nutrient
uptake and use, we sought to determine whether mTOR/
RAPTOR may influence Glut1 transporter activity rather

Figure 3. PI3K activity is required to promote
Glut1 cell surface localization. FLAG-Glut1–ex-
pressing cells were cultured in the presence or
absence of IL3 for 8 h with a vehicle control or 10
�M LY294002. (A) Cells were stained with a
FLAG antibody, and mean surface levels were
analyzed with flow cytometry. (B) Total FLAG
expression was measured by immunoblot and
Bcl-2 expression was measured for loading con-
trol. (C) FLAG-Glut1 cells were cultured in the
absence of IL3 for 3 h. Vehicle control, 10 �M
LY294002, and 10 �g/ml CHX were added 1 h
before readdition of IL3. After an additional
hour, cells were stained with FLAG antibody,
and surface levels of FLAG-Glut1 were com-
pared before and after IL3 add-back by flow
cytometry. The differences in mean fluorescence
of surface FLAG-Glut1 before and after IL3 read-
dition are shown. Mean fluorescence and SD of
triplicate samples are shown. Asterisk (*) indi-
cates p value �0.05 within the experiment. Rep-
resentative results are shown for three or more
repeated experiments.
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than trafficking. Bcl-xL- and myrAkt-expressing FL5.12 cells
were deprived of growth factor and treated with rapamycin,
and glucose uptake was measured. Although surface FLAG-
Glut1 and total Glut1 levels were unaffected, glucose uptake
was significantly reduced (p � 0.05) by rapamycin (Figure 5,
C and D). Together, these data indicate that although not
directly able to regulate Glut1 surface localization or Glut1
protein levels, mTOR/RAPTOR seems to regulate glucose
uptake by promoting Glut1 transporter activity.

Inactivation of GSK3 Promotes Glut1 Cell Surface
Localization but Does Not Alter Glut1 Internalization
Another important Akt substrate that may affect Glut1 traf-
ficking is GSK3. In this case, Akt phosphorylation of GSK3
leads to inhibition rather than activation of kinase activity
(Jope and Johnson, 2004). Because GSK3 has recently been
shown to inhibit recycling of internalized �v�3 and �5�1
integrins back to the cell surface (Roberts et al., 2004), we
sought to determine whether Akt-mediated inhibition of
GSK3 may play a role to increase surface Glut1 levels. Stim-
ulation of cells with IL3 led to inhibitory phosphorylation of
GSK3 and expression of myrAkt was sufficient to sustain
this inhibitory phosphorylation even in the absence of IL3
(Figure 6A). Treatment of cells with the GSK3 inhibitor
compound SB216763 both prevented this phosphorylation
and prevented GSK3 kinase activity. Inhibition of GSK3 did
not affect total cellular expression of FLAG-Glut1 (Figure
6A). Similar to expression of myrAkt, treatment of cells with

the GSK3 inhibitor during IL3-withdrawal did, however,
largely maintain Glut1 cell surface levels (Figure 6B; p �
0.005). Similar results also were obtained with the GSK3
inhibitors SB415286 and AR-A0144-18 (data not shown).

IL3 both attenuates Glut1 internalization and promotes
Glut1 recycling (Figure 2, A and C). To determine which
step of Glut1 trafficking may be regulated by GSK3, the
effects of GSK3 inhibitors on Glut1 internalization were mea-
sured. FLAG-Glut1–expressing cells were treated with
SB216763, and then they were cultured in the presence or
absence of IL3, stained with anti-FLAG antibody, and
washed free of unbound antibody. Remaining surface Glut1
staining was measured by addition of secondary antibody
after various times in culture. Cell surface FLAG-Glut1
staining at each time point was normalized to the level of
staining at the starting time point to determine percentage of
labeled Glut1 protein that was retained on the cell surface
over time (Figure 6C). Although cytokine-deprivation lead
to increased GSK3 activity (Figure 6A) and more rapid Glut1
internalization of untreated cells (Figures 2A and 6C), treat-
ment with the GSK3 inhibitor failed to maintain surface
Glut1. Together, these data indicate that inhibition of GSK3
may play a prominent role in cytokine and Akt-mediated
regulation of Glut1 surface localization but not via control of
Glut1 internalization. Rather, GSK3 likely regulated Glut1
recycling similar to GSK3 regulation of integrin recycling
(Roberts et al., 2004).

Figure 4. Activated Akt regulates Glut1 traf-
ficking to maintain surface Glut1 levels after
IL3 withdrawal. (A) FL5.12 cells were with-
drawn from IL3 for 6 h, restimulated with IL3
for various times, and immunoblotted for
phospho-Akt, total Akt1 and actin. (B) Cells
were transiently transfected with control or
myrAkt vectors and cultured in the presence
or absence of IL3 for 6 h. Phosphorylation
levels of both mTOR and Akt were analyzed
by immunoblot with actin as a loading con-
trol. (C) FL5.12 cells were transfected with
either Bcl-xL or myrAkt expression vectors
and cultured in the presence of IL3 for 18 h
followed by a growth factor-withdrawal for
24 h and glucose uptake was measured. (D)
Control or myrAkt-expressing cells were
transfected with GFP-Glut1, and then they
were cultured in the presence or absence of
IL3 for 8 h, and GFP was visualized by fluo-
rescence microscopy. Bar, 10 �m. (E and F)
FLAG-Glut1 cells were transiently transfected
with control vector (C), myrAkt (A), or a
phospho-mimetic aspartate mutant of Akt
(DD). Cells were cultured in the presence and
absence of IL3 for 6 h. (E) Total FLAG-Glut1
and Akt1 levels were analyzed by immuno-
blot with actin as a loading control. (F) Surface
levels of FLAG-Glut1 were measured by flow
cytometry. Standard deviations of triplicate
samples are shown. Representative results are
shown for three or more repeated experi-
ments.
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Akt Promotes Glut1 Surface Localization via Attenuating
Glut1 Internalization in Absence of Growth Factor
In addition to promoting recycling of internalized Glut1
through inhibition of GSK3, Akt may also regulate Glut1
endocytosis. We sought to determine, therefore, whether
Akt required efficient Rab11a-mediated recycling and inhi-
bition of GSK3 to maintain surface Glut1. Cells stably ex-
pressing FLAG-Glut1 were transiently transfected with con-

trol, myrAkt, dnRab11a, or both myrAkt and dnRab11a.
Surface FLAG-Glut1 levels were measured by flow cytom-
etry after a 6-h growth factor withdrawal (Figure 7A). The
myrAkt maintained surface expression of FLAG-Glut1 in the
absence of IL3 even when endocytic recycling of Glut1 was
blocked with dnRab11a. Furthermore, myrAkt was capable
of largely maintaining surface Glut1 even in the presence of
activated GSK3 (Figure 7B). Transfection of constitutively

Figure 5. mTOR/RAPTOR does not regulate
Glut1 cell surface localization but promotes
Glut1 activity. (A and B) FL5.12 cells stably ex-
pressing FLAG-Glut1 were transfected with ei-
ther Bcl-xL or myrAkt expression vectors and
cultured in the presence of IL3 for 18 h. A vehicle
control or 25 nM rapamycin was added at the
time of growth factor withdrawal, and cells were
cultured in the absence of IL3 for an additional
24 h. Mean surface levels of TfR (A) and FLAG-
Glut1 (B) levels were analyzed with flow cytom-
etry. (C and D) FL5.12 cells were transfected and
cultured as described in A. Total endogenous
Glut1 was measured via immunoblot with actin
as a loading control (C), and glucose uptake was
measured (D). Mean and SD of triplicate samples
are shown. Asterisk (*) indicates p � 0.05 within
the experiment. Representative results are shown
for three or more repeated experiments.

Figure 6. GSK3 activity promotes Glut1 sur-
face localization, but it does not affect inter-
nalization. (A and B) FLAG-Glut1–expressing
cells were transfected with control or myrAkt
vectors. Cells were treated with a vehicle con-
trol or 10 �M SB216763 for 12 h before they
were cultured in the presence or absence of
IL3 for an additional 6 h. (A) Total levels of
FLAG-Glut1 and phospho-GSK3 �/� were
measured by immunoblot with actin as a load-
ing control. Lanes are shown from the same
blot and were uniformly contrasted and digi-
tally rearranged (marked by black line) for
ease of viewing. (B) Mean surface levels of
FLAG-Glut1 were analyzed by flow cytom-
etry. (C) Cells stably expressing FLAG-Glut1
were treated and cultured as described in A
and B. Cells were stained with anti-FLAG an-
tibody, washed, and cultured at 37°C for in-
dicated times before staining with fluorescent
secondary antibody. Mean and SD for tripli-
cate samples are shown. Asterisk (*) indicates
p � 0.005 within the experiment. Representa-
tive results are shown for three or more re-
peated experiments.
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active form of GSK3 (GSK3 S9A) reduced surface levels of
FLAG-Glut1 in control cells even in the presence of IL3 (p �
0.05). In cells expressing myrAkt, however, GSK3 S9A
caused only a modest decrease in surface Glut1 that was
maintained upon cytokine withdrawal. This suggested that
myrAkt regulated Glut1 through pathways in addition to
and upstream or dominant to those regulated by GSK3, such
as would occur if Akt also prevented Glut1 internalization.
To directly test whether activated Akt could prevent Glut1
endocytosis upon growth factor withdrawal, we used a
pulse-chase assay to directly measure internalization of
Glut1. Cells stably expressing FLAG-Glut1 were transfected
with either control or myrAkt and cultured in the presence
or absence of IL3 for 6 h followed by the pulse-chase assay
(Figure 7C). Indeed, myrAkt was sufficient to attenuate
Glut1 internalization in the absence of IL3. Together, these
data indicate that Akt promotes maximal levels of surface
Glut1 by both attenuating endocytosis and promoting recy-
cling of Glut1.

DISCUSSION

It has been previously shown that Glut1 synthesis and glu-
cose uptake are dependent on cytokine growth factors in
hematopoietic cells (Rathmell et al., 2001; Vander Heiden et
al., 2001; Frauwirth and Thompson, 2004). In addition, glu-
cose uptake and metabolism are often greatly increased in
cancer cells, with Glut1 overexpression occurring frequently
(Warburg, 1956; Macheda et al., 2005). Direct evidence for
regulation of glucose uptake and Glut1 trafficking by non-
insulin growth factors or oncogenes, however, has been
lacking. We show here using direct protein trafficking as-
says, including cell surface and pulse-chase staining assays,
that the hematopoietic growth factor IL3 and the oncogene
Akt can regulate trafficking of Glut1 to the cell surface,
independently of protein synthesis. IL3 regulated Glut1
through PI3K and its downstream effector, Akt via activa-
tion of mTOR, inactivation of GSK3, and other pathways to
control Glut1 activity, recycling, and internalization.

In insulin-responsive tissues, Glut4 trafficking has been
widely described to regulate acute glucose uptake, and al-
though some aspects of Glut1 regulation described here may
be shared with Glut4, others are distinct. Glut4 has been
known to undergo rapid translocation from intracellular
storage vesicles to the cell surface in response to insulin in
insulin-responsive tissues (Welsh et al., 2005). Glut1 also
responds to insulin by accumulation on the cell surface in
these cell types, albeit to a lower extent and at a much slower
rate than Glut4 (Piper et al., 1991). Akt regulates surface
trafficking of both Glut4 and Glut1, with Akt2-mediated
phosphorylation of AS160 (Zeigerer et al., 2004; Larance et
al., 2005; Gonzalez and McGraw, 2006) critical to promote
Glut4 translocation. Mechanisms by which insulin-stimu-
lated Akt activity may regulate Glut1 are less certain, but
they may include mechanisms described here. Our results
demonstrate that Glut1 cell surface trafficking is not unique
to insulin; it also occurs in response to growth factor and
oncogenic stimulation in noninsulin-responsive tissues. A
key difference between IL3-mediated trafficking of Glut1 to
the cell surface and insulin-induced Glut4 trafficking in in-
sulin-responsive tissues is that Glut4 is present in storage
vesicles poised to respond to insulin and traffic to the cell
surface. Glut1, in contrast, must be synthesized for delivery
to the cell surface or returned to the cell surface through a
recycling pool. Thus, Glut4 translocation provides for rapid
glucose uptake for acute use, whereas Glut1 trafficking is
slower and allows glucose uptake in chronic conditions,
such as required for cell growth. Because both Glut1 and
Glut4 are insulin responsive, defining shared and distinct
mechanisms in regulation of Glut1 and Glut4 trafficking will
aid in understanding insulin-regulated glucose homeostasis.

In addition to promoting Glut1 expression (Barthel et al.,
1999; Plas et al., 2001), we provide direct evidence with cell
surface staining that Akt maintains Glut1 protein on the sur-
face even upon growth factor withdrawal. Akt has also been
shown to promote surface accumulation of nutrient transport-
ers such as amino acid, LDL, and transferrin receptors (Edinger
and Thompson, 2002). In these cases, the inhibitor of the

Figure 7. Akt prevents internalization of
Glut1 upon growth factor withdrawal inde-
pendently of recycling. (A) FLAG-Glut1 cells
were transiently transfected with control,
dominant-negative Rab11a (Rab11aS25N,
dnRab11a), and/or myrAkt vectors. Cells
were cultured in IL3 or were withdrawn from
IL3 for 6 h, and mean surface FLAG-Glut1
fluorescence levels were measured. (B) FLAG-
Glut1 cells were transfected with control, con-
stitutively active GSK3 (GSK3 S9A) and/or
myrAkt constructs for 18 h and then cultured
in the presence or absence of IL3 for an addi-
tional 6 h. Surface FLAG-Glut1 was measured
by flow cytometry. (C) Cells stably expressing
FLAG-Glut1 were transfected with control or
myrAkt vectors and cultured in the presence
of absence of IL3 for 6 h. Cells were stained
with anti-FLAG antibody, washed, and cultured
at 37°C for indicated times before staining with
fluorescent secondary antibody. Mean and SD
for triplicate samples are shown. Asterisk (*)
indicates p � 0.05 within the experiment. Rep-
resentative results are shown of three or more
repeated experiments.
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mTOR/RAPTOR complex, rapamycin, blocked Akt-mediated
regulation of nutrient transporter localization. In contrast, our
results with IL3 stimulation and Akt are similar to what has
been reported in 3T3-L1 adipocytes (Tremblay et al., 2005),
where insulin-stimulated Glut1 translocation to cell surface
was reported to be insensitive to rapamycin treatment (Figure
5B). These data indicate that Akt regulates Glut1 surface local-
ization differently than other nutrient transporters. It remains
unclear how this selective trafficking of Glut1 is regulated.

Despite the inability of mTOR/RAPTOR inhibition to al-
ter Glut1 protein levels or localization, rapamycin lead to a
sharp reduction in glucose uptake. These data suggest that
mTOR/RAPTOR may affect Glut1 transporter activity.
Glut1 activity can be regulated by intracellular ATP binding,
which increases glucose transport activity by modulating
substrate binding affinity (Levine et al., 1998; Lachaal et al.,
2001; Liu et al., 2001). Glycosylation of Glut1 has also been
suggested to increase Glut1 glucose transport activity
(Asano et al., 1991). Modulation of Glut1 transport activity
by signaling components, however, is not completely under-
stood. In principle, mTOR/RAPTOR may regulate Glut1 ac-
tivity through either of these pathways by modulation of
downstream metabolism to promote ATP generation or by
altering protein glycosylation patterns. Alternatively, mTOR/
RAPTOR can affect a variety of other cellular processes that
may impact Glut1 activity. Although our data do not dis-
tinguish between direct or indirect mechanisms of mTOR/
RAPTOR regulation of Glut1 activity, Tremblay et al. (2005)
showed that acute inhibition of mTOR/RAPTOR led to in-
creased insulin-stimulated glucose uptake rather than the de-
creased glucose uptake observed here using longer treatments
of rapamycin. Together, these findings suggest that either
mTOR/RAPTOR has differential effects on Glut4 and Glut1
or that rapamycin’s inhibition of glucose uptake occurs only
after chronic mTOR/RAPTOR inhibition. Because mTOR/
RAPTOR inhibitors are becoming increasingly used in a vari-
ety of clinical settings, it will be particularly important to fur-
ther study this novel function of mTOR/RAPTOR on glucose
uptake and glucose transporter activity.

In addition to Glut1 activity, glucose uptake is regulated
through the net efflux and influx of Glut1 proteins from the
cell surface and Akt regulated this balance through GSK3
dependent and independent means. Akt can directly phos-
phorylate GSK3�/� on serines 21/9 to inhibit GSK3 kinase
activity (Jope and Johnson, 2004) and maintain surface Glut1
levels even in the absence of IL3. This maintenance of sur-
face Glut1 by GSK3 inhibition was likely due to enhanced
efflux of Glut1 relative to control cells, as Glut1 influx was
not altered by GSK3. These data are consistent with results
from Roberts et al. (Roberts et al., 2004), who recently dem-
onstrated that inhibition of GSK3 lead to enhanced recycling
of integrins. Akt did not, however, require GSK3 inhibition
or Rab11a-dependent recycling to maintain surface Glut1
levels as Akt also attenuated Glut1 internalization, thus
obviating a requirement for maximal recycling activity to
maintain surface Glut1. The mechanism by which Akt reg-
ulates Glut1 endocytosis is not clear, but does not appear to
involve mTOR/RAPTOR or GSK3.

Here, we show that Glut1 trafficking is a regulated event
that is critical in growth factor-regulated glucose homeosta-
sis, and we define three distinct mechanisms by which Akt
may promote glucose uptake. Activation of the proapoptotic
molecule Bax and programmed cell death occurs if sufficient
levels of glucose are not maintained in immune cells or
during development (Moley and Mueckler, 2000; Rathmell
et al., 2003). Conversely, increased glucose uptake occurs in
immune cell activation and in poor prognosis cancers and is

required for increased cellular proliferation (Gatenby and
Gillies, 2004; Macheda et al., 2005). We demonstrate that
growth factors and oncogenic Akt regulate Glut1 activity
and trafficking. It will be important in future studies to
further define these pathways to determine how growth
factors and oncogenes promote sufficient glucose uptake to
match intracellular demands to allow cell growth and to
prevent cell death.
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